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Most diploid human fibroblasts in early culture passage have a  cell doubling 
time of approximately 24 hr. After a variable but finite number of transfers, the 
average generation time begins to increase progressively, bizarre forms appear, 
the cells eventually cease to divide, and finally degenerate (1, 2). In vivo also, 
normal cells, transplanted serially, proliferate for only a finite number of gener- 
ations (3). This gradual "senescence" at the cellular level has been compared to 
senescence of the whole animal (1-3), and contrasts with the behavior of human 
aneuploid cancer cells or transformed cells, most of which can be subcultured 
indefinitely. 
We have followed the ultrastructural changes which have developed in nine 
human  fibroblast  strains  (seven  diploid,  one  trisomic  21,  and  one  Turner's 
syndrome)  in  the  course  of their serial propagation,  and have  also examined 
human skin biopsies from four donors of different ages. It has become clear that 
in terms of morphologic characteristics,  senescence in tissue culture and aging 
in  the  intact  organism  are  not  strictly  analogous.  Progressive  morphologic 
changes begin todevelo  p in diploid cultures shortly after their in vitro isolation, 
regardless of  the  age of the  donor;  and  the  most  prominent  changes  are not 
characteristic of cells in tissues of aging subjects. 
Materials and Methods 
The human cell strains used in these studies are listed in Table I, and were derived from 
embryonic lung or skin. The general procedures  have been described elsewhere (4, 5). Six of 
the culture strains listed in Table I were initiated in this laboratory  from 2 mm punch biopsies 
of  the right  shoulder.  Fragments of four of these (EL,  HE,  HM,  KT) were fixed imme- 
diately in 2.5%  buffered glutaraldehyde and processed for electron microscopy as described 
below. Three of these six strains (EL, Penny, MS-2) and the six other strains listed in Table 
I were serially  propagated until the cultures were no longer viable. The cultures were divided 
two- to four-fold at each (weekly) passage, were maintained in antibiotic-free media to mini- 
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mize possible contamination with Mycoplasma (6), and were monitored periodically for the 
presence of Mycoplasma by agar plate cultivation. At varying intervals in the course of its 
serial propagation, each strain was trypsinized and plated on carbon-coated cover slips for 
electron microscopic study, as previously described (7), and allowed to grow for 6-12 hr. They 
were then fixed in 2.5%  glutaraldehyde, followed by a modified solution  of OsO~ (8), dehy- 
drated in a graded ethanol series, rapidly embedded in Epon 812 (9), sectioned  with a du Pont 
diamond knife, stained with aqueous uranyl acetate followed by lead citrate, and observed in 
the Siemens Elmiskop  1A electron microscope. 
RESULTS AND DISCUSSION 
The morphologic appearance of diploid cells from freshly isolated skin tissue 
has often been described. The nucleus contains mainly fibrillar chromatin, and 
one or more nucleoli with no distinguishing characteristics. The cytoplasm in- 
cludes the  usual  distribution of  organelles,  with  numerous  desmosomes.  The 
specimen illustrated in Fig.  1,  from a  62 year old male, contained some cyto- 
plasmic glycogen which was not seen in the 21 and 31 year old donors. Significantly, 
however,  the lysosomes (multivesicular bodies)  were  not visibly abnormal  in 
these biopsy specimens or in early cultures, regardless of the donor's age. Within 
3-6 wk after initiation of an in vitro culture, and whatever the donor's age, all 
cell strains examined began to show intralysosomal alterations. 
Figs.  2-5  illustrate the progressive changes  in  a  single cell strain  (Detroit 
551).  Although some of the multivesicular bodies in the sixth culture passage  ~ 
appeared normal (Fig. 2 a), others showed peripheral accumulation of unidenti- 
fied electron-dense material,  and  a  significant increase in size  (Fig.  2  b).  No 
obvious  changes  were  seen  at  this  time  in  the  other  cytoplasmic organelles, 
including endoplasmic reticulum, polysomes, mitochondria, and nucleus. 
By the 15th passage (approximately 30-40 cell doublings; see footnote 1), the 
Detroit 551  ceils contained a  markedly increased number  of lysosomes, which 
had now expropriated much of the cytoplasmic space (Fig. 3). While many of 
these lysosomes had  transformed into  residual bodies, one  could usually still 
find  occasional  unaltered  multivesicular bodies  (arrows),  suggesting  that  al- 
though turnover of lysosomes and their contents appear impaired, nascent lyso- 
somes  continue  to  be  formed.  The  result  is  a  gradual  and  eventually  over- 
whelming  accumulation  of these  organelles.  Even  at  the  15th  passage,  other 
cytoplasmic organelles still showed relatively little degenerative change.  Some 
1  The age of the culture cannot be expressed as the number of cell doublings, primarily be- 
cause of the indeterminate and variable number of cell generations  represented in the popu- 
lation of the primary culture. At the time of the first culture division, some cells will have only 
recently moved out of the explant (0 cell generations  in culture)  while others may represent 
e.g. the 8th or even 16th cell generation,  depending on the time between explanation and first 
subculture.  Each  of  the  subsequent subcultures was  divided two-  to  four-fold,  and  thus 
represents an additional 1-2  cell generations;  but a  further complication  in assessing  the 
number of cell generations was introduced by the occasional necessity of reconstituting a strain 
from a  frozen stock at intermediate passage. 1214  SENESCENCE  OF  CULTURED  DIPLOID  CELLS 
cells contained more than  the  occasional, scattered glycogen particle seen in 
early passage cells. In about half the cells,  there was a 30-60 % decrease in the 
number of free polysomes compared to early passage cells,  while membrane- 
bound polysomes remained unaffected. 
In this 15th passage, the cells were growing normally, even if at a somewhat 
slower rate than in early culture passage. By the 22nd passage, however, most 
cells of the Detroit 551 strain resembled that depicted in Fig. 4, with the cyto- 
plasm  largely occupied by degenerating residual  bodies.  Although  some cell 
images still showed relatively unaffected mitochondria, membrane-bound poly- 
somes, and Golgi saccules, others showed degenerative signs.  Large aggregates 
of glycogen were a common characteristic of cells at this terminal stage, but not 
as universal as the lysosomal changes (Fig. 5). Cytoplasmic polyribosomes had 
largely disappeared. This strain ceased to divide and was discarded at the fol- 
lowing (23rd) passage. 
Although Figs. 1 5 relate to a single cell strain, similar patterns of lysosomal 
transformation have been noted on serial passage of all human diploid strains 
here studied. These progressive changes have not been seen in cells which grow 
indefinitely in culture, whether human cancer cells (HeLa, KB), SV 40-trans- 
formed human cells (strains Wi 26-Va and W 98-E) (10), or serially propagated 
animal cells [mouse fibroblast strain 3T3 (11) and  an epithelial rabbit lens cell 
(12)]. 
It thus appears that the serial propagation of cells which ultimately become 
senescent in culture is accompanied by major changes in the lysosomes, which 
increase progressively in both number and size, and show profound degenerative 
changes.  Less  consistently,  there  is  an  accompanying decrease in  free cyto- 
plasmic polysomes and an accumulation of glycogen. 
It is tempting to invoke a causal relationship between these changes in the 
cellular organelles, and the progressive slowing of the rate of cellular growth and 
division, with eventual degeneration. It must, however, be noted that the mor- 
phologic changes had already become quite prominent at a time when there was 
no significant change either in the appearance of the cell in the light microscope, 
in the rate of growth, or in plating efficiency after trypsinization. Further, these 
degenerative changes occur only in cells propagated in vitro, in contrast to the 
trivial morphologic changes seen in fibroblasts of aging subjects. Supplementa- 
tion of the usual growth medium (13) with trace elements (Fe, Cu, Zn), sodium 
pyruvate, vitamin B12, biotin, lipoic and linoleic acids, insulin, hydrocortisone, 
cyclic adenosine monophosphate (AMP),  ascorbic acid, and a Sephadex-sepa- 
rated fraction of chick embryo extract (14) failed to prevent the progressive de- 
generative changes  here described.  Biochemical correlates of these structural 
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FIG.  1.  Section  from  epidermal  punch  biopsy  showing  normal  morphology  of 
human skin cell (male aged 62 years). Several multivesicular bodies (MVB)  are indi- 
cated as well as desmosomes (D) and glycogen particles (G). Scale marker, ltz. FIG.  2  a.  Cell from  sixth passage  of  strain  Detroit  551;  lysosomal changes  are 
already evident.  (TMVB,  transformed  multivesicular body;  N,  nucleus;  M,  mito- 
chondrion; P, polyribosomes). Scale marker, In. 
1216 FIG. 2 b.  Cell from same preparation as that shown in 2 a; many altered lysosomes 
are visible (Nuc, nucleolus). Scale marker,  1~. 
1217 FIG. 3.  Cell from  15th  passage of strain Detroit 551; most of the lysosomes  have 
transformed into residual bodies, although an occasional normal multivesicular body 
is seen.  Scale marker, 1~. 
1218 FIG. 4.  Cell from 22nd passage of strain Detroit 551 ; cytoplasmic space is predor 
nantly filled with partially degenerated residual bodies. Scale marker, 1/~. 
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FIG.  5.  Area  of  cytoplasm  from  Detroit  551  strain  cells in  22nd  passage;  note 
massive accumulation  of glycogen. Scale marker,  1~. 
SUMMARY 
The lysosomes of serially propagated human fibroblasts gradually transform 
to residual bodies which increase in number and size,  and show progressive de- E.  ROBBINS,  E.  M.  LEVINE,  AND  tt.  EAGLE  1221 
generative changes. There is an accompanying, and less regular, decrease in the 
number  of cytoplasmic polyribosomes  and  an  increased  number  of glycogen 
particles. The onset of these morphologic alterations occurs shortly after culture 
initiation and precedes any marked decrease in the rate of cellular growth; how- 
ever, in their extreme form these changes may be related to the ultimate cessa- 
tion  of  cellular  multiplication  ("senescence").  The  lysosomal  changes  were 
seen  only in those  cell strains  which eventually showed  senescence,  and were 
absent  or  minimal  either  in  cell  lines  which  can  be  propagated  indefinitely 
("spontaneous" and viral  transformants,  cancer cells), or in skin sections from 
aging subjects. 
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